Charm production in deep inelastic scattering has been measured with the ZEUS detector at HERA using an integrated luminosity of 82 pb 
) > 2 GeV and |η(D)| < 1.6 for 1.5 < Q 2 < 1000 GeV 2 and 0.02 < y < 0.7. The production cross sections were used to extract charm fragmentation ratios and the fraction of c quarks hadronising into a particular charm meson in the kinematic range considered. The cross sections were compared to the predictions of next-to-leading-order QCD, and extrapolated to the full kinematic region in p T (D) and η(D) in order to determine the open-charm contribution, F cc 2 (x, Q 2 ), to the proton structure function F 2 .
Introduction
Heavy-quark production in ep interactions in the deep inelastic scattering (DIS) regime is dominated by the interaction between the exchanged virtual photon and a gluon within the proton, the so-called Boson Gluon Fusion (BGF) mechanism. Heavy-quark production provides a twofold test of perturbative quantum chromodinamics (pQCD): a study of the BGF process and the higher order corrections to it, and an independent check of the validity of the gluon density in the proton extracted from the inclusive DIS data. Of the two heavy quarks whose production is accessible by HERA, c and b, the latter is strongly suppressed due to its smaller electric charge and larger mass. This paper reports a study of c-quark production.
A charm quark in the final state is identified by the presence of a corresponding charmed hadron. This paper studies the production of the pseudo-scalar mesons D 0 , D + , D 
(the charge conjugated modes are implied throughout this paper). Since a D hadron is measured and not the c quark itself, any comparison with pQCD requires a modelling of the c → D fragmentation. A consequence of the QCD factorisation theorem [1] is that the "hard" (pQCD governed) c-production mechanism is independent of the "soft" fragmentation process. Measurements of Dhadron cross sections provide therefore information about both c-quark production and its fragmentation. This paper presents a complete study of D-meson production in DIS at HERA: measurements of c-quark fragmentation ratios and fractions with unprecedent precision, D-meson differential cross sections and the charm contribution, F cc 2 , to the proton structure function F 2 . It addresses the universality of fragmentation and tests the predictions of pQCD for charm production. The data sample used was taken by the ZEUS detector during the years 1998 -2000. The fragmentation measurements follow closely those reported recently by ZEUS in the photoproduction regime [2] . Using a variety of D mesons, the pQCD analysis complements the study done with D * + in the same data sample [3] . Measurements of D * cross sections are only used in this paper for the extraction of the fragmentation parameters.
Similar measurements of the properties of c-quark fragmentation in DIS have also been performed by the H1 collaboration [4] . Other previous measurements of charm production in DIS with pQCD analyses used the D * + meson [3, [5] [6] [7] [8] [9] or inclusive lifetime tags [10] . There are also several measurements of charm photoproduction [9, [11] [12] [13] [14] [15] . 1 
Experimental set-up
The analysis was performed with data taken from 1998 to 2000, when HERA collided electrons or positrons with energy E e = 27.5 GeV on protons of energy E p = 920 GeV. The results are based on e − p and e + p samples corresponding to integrated luminosities of 16.7 ± 0.3 pb −1 and 65.1 ± 1.5 pb −1 , respectively.
1
A detailed description of the ZEUS detector can be found elsewhere [16] . A brief outline of the components that are most relevant for this analysis is given below.
Charged particles are tracked in the central tracking detector (CTD) [17] , which operates in a magnetic field of 1.43 T provided by a thin superconducting coil. The CTD consists of 72 cylindrical drift chamber layers, organised in 9 superlayers covering the polar-angle 2 region 15 • < θ < 164
• . The transverse-momentum resolution for full-length tracks is σ(p T )/p T = 0.0058p T ⊕ 0.0065 ⊕ 0.0014/p T , with p T in GeV.
The high-resolution uranium-scintillator calorimeter (CAL) [18] consists of three parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part is subdivided transversely into towers and longitudinally into one electromagnetic section and either one (in RCAL) or two (in BCAL and FCAL) hadronic sections. The smallest subdivision of the calorimeter is called a cell. The CAL energy resolutions, as measured under test-beam conditions, are σ(E)/E = 0.18/ √ E for electrons and σ(E)/E = 0.35/ √ E for hadrons, with E in GeV.
The position of the scattered electron was determined by combining information from the CAL, the small-angle rear tracking detector (SRTD) [19] and the hadron-electron separator (HES) [20] .
The luminosity was measured from the rate of the bremsstrahlung process ep → eγp, where the photon was measured in a lead-scintillator calorimeter [21] placed in the HERA tunnel at Z = −107 m.
Theoretical predictions
The next-to-leading order (NLO) QCD predictions for cc cross sections were obtained using the HVQDIS program [22] based on the so-called fixed-flavour-number scheme (FFNS). In this scheme, only light partons (u, d, s, g) are included in the proton parton density functions (PDFs) which obey the DGLAP equations [23] , and the cc pair is produced via the BGF mechanism [24] with NLO corrections [25] . This calculation is expected to be valid [26] in the kinematic range of this measurement, 1.5 < Q 2 < 1000 GeV 2 , where Q 2 is the negative of the four-momentum transfer squared, hereafter referred to as photon virtuality.
The following inputs have been used to obtain the predictions for D-meson production at NLO using the program HVQDIS. The FFNS variant of the ZEUS-S NLO QCD fit [27] to structure-function data was used as the parameterisation of the proton PDFs. In this fit the three-flavour QCD scale Λ QCD was set to Λ
QCD = 0.363 GeV and the mass of the charm quark was set to 1.35 GeV; the same mass and Λ (3) QCD were therefore used in the HVQDIS calculation. The renormalisation and factorisation scales were set to µ = Q 2 + 4m 2 c for charm production both in the fit and in the HVQDIS calculation. The charm fragmentation to the particular D meson was carried out using the Peterson function [28] . The values used for the hadronisation fractions to D mesons, f (c → D), were those measured in this paper, and the Peterson parameter, ǫ, was set to 0.035 [29] . The effect of J/ψ production was found to be negligible [30, 31] .
Kinematic reconstruction and event selection
The kinematic variables Q 2 , the Bjorken scaling variable, x (in the quark-parton model x can be interpreted as the fraction of proton momentum carried by the struck quark), and the fraction of the electron energy transferred to the proton in the rest frame of the proton, y, can be reconstructed using a variety of methods, whose accuracy depends on the variable of interest and its range:
• for the electron method (specified with the subscript e), the measured energy and angle of the scattered electron are used;
• the double angle (DA) method [32] relies on the angles of the scattered electron and of the hadronic system;
• the Jacquet-Blondel (JB) method [33] is based entirely on measurements of the hadronic system;
• the Σ-method [34] uses both the scattered-electron energy and angle, and measurements of the hadronic system.
The reconstruction of Q 2 and x was performed using the Σ-method, since it has better resolution at low Q 2 than the DA method. At high Q 2 , the Σ-method and the DA method are similar, and both have better resolution than the electron method. The DA method was used as a systematic check.
A three-level trigger system was used to select events online [16, 35] . At the third level, events having at least a reconstructed
candidate, as well as a scattered-electron candidate, were kept for further analysis. The efficiency of the online reconstruction for any of the above hadrons, determined relative to an inclusive DIS trigger, was generally above 95%.
The events were selected offline [5, 36] using the following cuts:
• the scattered electron was identified using a neural-network procedure [37, 38] . Its energy, E e ′ , was required to be larger than 10 GeV; • y e ≤0.95 (where y e is y reconstructed with the electron method) and y JB ≥ 0.02 (where y JB is y reconstructed with the JB method). The former condition removes events where fake electrons are found in the FCAL and the latter rejects events where the hadronic system cannot be measured precisely, in order to reconstruct the kinematic variables;
• 40 ≤ δ ≤ 65 GeV, where δ = E i (1 − cos θ i ) and E i and θ i are the energy and the polar angle of the i th energy-flow object (EFO) [39] reconstructed from charged tracks, as measured in the CTD, and energy clusters measured in the CAL. The sum i runs over all EFOs;
• a primary vertex position determined from the tracks fitted to the vertex in the range |Z vertex | < 50 cm;
• the impact point (X, Y ) of the scattered electron on the RCAL was required to lie outside the region 26 × 14 cm 2 centred on X = Y = 0.
The angle of the scattered electron was determined using either its impact position on the CAL inner face or a reconstructed track in the CTD. When available, SRTD and HES were also used. The energy of the scattered electron was corrected for non-uniformity effects caused by cell and module boundaries.
The selected kinematic region was 1.5 < Q 2 < 1000 GeV 2 and 0.02 < y < 0.7.
Reconstruction of charm hadrons
The production of D * + , D 0 , D + , and D The signal achieved had a statistical significance of around three standard deviations, and therefore it was not used.
The charm mesons were reconstructed using tracks measured in the CTD and assigned to the reconstructed event vertex. To ensure good momentum resolution, each track was required to reach at least the third superlayer of the CTD. Further background reduction was achieved by imposing cuts on the transverse momenta and decay angles of the charm-hadron decay products. The cut values were optimised using Monte Carlo (MC) simulation to enhance signal over background ratios while keeping acceptances high.
The cross sections of the D 0 and D * + mesons and related quantities involved in the measurements of fragmentation properties can be obtained from the combination of three independent samples [2] : those of D 0 candidates with and without a "∆M" tag and that of "additional" D * + candidates. The samples are described below. The rationale for this division [2] will become apparent in Sections 8 and 9.
Reconstruction of D 0 mesons
The D 0 mesons were reconstructed from the decay channel D 0 → K − π + . In each event, D 0 candidates were formed from pairs of tracks with opposite charges and p T > 0.8 GeV. The nominal kaon and pion masses were assumed in turn for each track. To reduce the combinatorial background, a further cut was applied in the angle, θ * (K), between the kaon in the D-candidate rest frame and the D-candidate line of flight in the laboratory frame, | cos θ * (K)| < 0.85. The D 0 candidates were separated into two groups. The ∆M tag group consists of D 0 candidates that, when combined with a third track that could be a "soft" pion (
in the range 0.143 < ∆M < 0.148 GeV. The soft pion was required to have p T > 0.2 GeV and charge opposite to that of the kaon. This cut was raised to p T > 0.25 GeV for a data subsample, corresponding to an integrated luminosity of 17 pb −1 , for which the track reconstruction efficiency at low momentum was smaller due to the operating conditions of the CTD [40] . For the untagged D 0 candidates, the incorrect assignment of the pion and kaon masses to the two tracks produces a wider reflected signal. This reflection was estimated from the D 0 candidates with a ∆M tag and normalised to the ratio of numbers of D 0 without and with ∆M tag; it was then subtracted from the untagged D 0 candidates. Figure 1 shows the M(Kπ) distributions for untagged D 0 candidates after the reflection subtraction and for tagged D 0 candidates. The distributions were fitted simultaneously assuming that both have the same shape and are described by the "modified" Gaussian function [2] :
where
The background shape in the fit was described [2] by [41] . The combinatorial background under the signal was estimated from the massdifference distribution of the wrong-charge combinations, in which both tracks associated to the D 0 candidate have the same charge and the third track has opposite charge. The number of reconstructed additional D * + mesons was calculated by subtracting the wrongcharge ∆M distribution, after normalising it to the number of right-charge candidates in the region 0.150 < ∆M < 0.170 GeV. The subtraction was done in the signal region 0.143 < ∆M < 0.148 GeV and yielded N add (D * + ) = 317 ± 26.
Reconstruction of D + mesons
The D + mesons were reconstructed from the decay channel D
The analysis for this meson was done using the e + p data sample only, where the D + third level 6 trigger logic was implemented. In each event, two tracks with the same charge and a third track with opposite charge were combined to form a D + candidate. The tracks with the same charge were assigned the pion mass and required to have p T (π) > 0.5 GeV. For the remaining track, the kaon mass was assumed and p T (K) > 0.7 GeV was required. Combinatorial background was further suppressed by requiring cos θ
− was suppressed by applying suitable cuts [2] . 
Reconstruction of D + s mesons
The D + s mesons were reconstructed from the decay channel D
In each event, two tracks with opposite charges were each assigned the kaon mass and combined to form the φ candidates if the invariant mass M(KK) was within ±8 MeV of the nominal φ mass [2] . A third track, assumed to be a pion, was combined with the φ candidate, yielding the D + s candidate. Only tracks with p T (π) > 0.5 GeV and p T (K) > 0.7 GeV were considered. To reduce the combinatorial background further, a cut was applied in the angle, θ * (π), between the pion in the KKπ rest frame and the KKπ line of flight in the laboratory frame, cos θ * (π) < 0.85, and in the angle, θ ′ (K), between one of the kaons and the pion in the KK rest frame, | cos 
Acceptance corrections
The acceptances were calculated using the Rapgap 2.08 [42] MC model and checked with Herwig 6.3 [43] . The Rapgap MC model was interfaced with Heracles 4.6.1 [44] in order to incorporate first-order electroweak corrections. The generated events were then passed through a full simulation of the detector, using Geant 3.13 [45] , processed and selected with the same programs as used for the data.
The MC models were used to produce charm by the BGF and the resolved photon processes. In the latter the virtual photon behaves as a hadron-like source of partons, one of which interacts with a parton of the initial proton. The CTEQ5L [46] and GRV-LO [47] PDFs were used for the proton and the photon, respectively. The charm-quark mass was set to 1.5 GeV. Both the Rapgap and Herwig MCs use LO matrix elements with leading-logarithmic parton showers. Charm fragmentation is implemented using either the Lund string fragmentation (in Rapgap) or a cluster fragmentation [48] model (in Herwig). It was checked that both MC samples, Rapgap and Herwig, give a reasonable description of the data for DIS and D-meson variables when compared at detector-level.
For a given observable Y , the production differential cross sections were determined using
where N(D) is the number of reconstructed D mesons in a bin of size ∆Y . The reconstruction acceptance A takes into account small admixtures in the reconstructed signals from other decay modes, migrations, efficiencies and QED radiative effects for that bin, L is the integrated luminosity and B is the branching ratio [41] for the decay channel used in the reconstruction (see Table 1 ). The total production cross sections were determined using
where N(D) and A are now for the whole kinematical range of the measurement.
The reconstruction acceptances were calculated with Rapgap and vary depending on the particle and the kinematic region of the measurement. For 1.5 < Q 2 < 1000 GeV 2 , 0.02 The relative b-quark contributions, predicted by the MC simulation using branching ratios of b-quark decays to the charmed hadrons measured at LEP [49, 50] , were subtracted from all measured cross sections. The subtraction of the b-quark contribution reduced the measured cross sections by 3.1% for the D 0 and D + and 4.3% for the D + s and changed the measured charm fragmentation ratios and fractions by less than 1%. 8 7 Charm-meson production cross sections Charm-meson cross sections were calculated using the reconstructed signals for the process ep → eDX in the kinematic region 1.5 < Q 2 < 1000 GeV 2 , 0.02
The systematic uncertainties presented in this and the following sections will be discussed in Section 11. The third set of uncertainties quoted for the measured cross sections and charm fragmentation ratios and fractions are due to the propagation of the relevant branching-ratio uncertainties.
The following cross sections were measured:
• the production cross section for D 0 mesons not originating from the
• the production cross section for D 0 mesons originating from the
+0.12 −0.10 (syst.) ± 0.03(br.) nb;
• the production cross section for all D 0 mesons:
−0.27 (syst.) ± 0.13(br.) nb;
• the production cross section for additional D * + mesons:
The production cross section for D * + mesons in the kinematic range
σ kin (D * + ) = 3.14 ± 0.12(stat.)
−0.15 (syst.) ± 0.06(br.) nb;
• the production cross section for D + mesons:
−0.14 (syst.) ± 0.10(br.) nb; 
−0.14 (syst.)
−0.27 (br.) nb.
Charm fragmentation ratios
In this section, the ratio of neutral to charged D-meson production rates, R u/d , the strangeness-suppression factor, γ s , and the fraction of charged D mesons produced in a vector state, P 
Ratio of neutral to charged D-meson production rates
Neglecting influences from decays of heavier excited D mesons, the ratio of neutral to charged D-meson production rates is given by the ratio of the sum of D * 0 and direct D 0 production cross sections to the sum of D * + and direct D + production cross sections. This ratio can be calculated as [2] 
.
Using the measured cross sections, the ratio of neutral to charged D-meson production rates is
+0.05 −0.02 (syst.) ± 0.03(br.).
The measured R u/d value agrees with unity, i.e. it is consistent with isospin invariance, which implies that u and d quarks are produced equally in charm fragmentation.
In Table 2 and Fig. 5 , this measurement is compared with those obtained in DIS by the H1 collaboration [4] , in photoproduction [2] and in e + e − annihilations [51] . All measurements agree within experimental uncertainties.
Strangeness-suppression factor
The strangeness-suppression factor for charm mesons is given by the ratio of twice the production rate of charm-strange mesons to the production rate of non-strange charm mesons. All D 
It was also assumed that the production cross section for "additional" D * 0 mesons, producing D 0 mesons outside of the nominal kinematic range, is σ add (D * 0 ) = R u/d σ add (D * + ). The strangeness-suppression factor is then given by
Using the measured cross sections, the strangeness-suppression factor is γ s = 0.225 ± 0.030(stat.)
+0.034 −0.026 (br.). Table 3 and Fig. 5 compare this measurement with the values measured in photoproduction [2] , in DIS by the H1 collaboration [4] and in e + e − annihilations [51] . All measurements agree within experimental uncertainties. The large branching-ratio uncertainties are dominated by the uncertainties of the D + s → φπ + branching ratio.
Fraction of charged D mesons produced in a vector state
Neglecting influences from decays of heavier excited D mesons, the fraction of charged D mesons produced in a vector state, P d v , is given by the ratio of vector to (vector+pseudoscalar) charm meson production cross sections. The following relation holds [2] :
Using the measured cross sections, the fraction of charged D mesons produced in a vector state is
+0.017 −0.009 (syst.) ± 0.017(br.).
The measured P d v value is smaller than the naive spin-counting prediction of 0.75. Table 4 and Fig. 5 compare this measurement with the values measured in photoproduction [2] , in DIS by the H1 collaboration [4] and in e + e − annihilations [51] . All the measurements are consistent.
Charm fragmentation fractions
The fraction of c quarks hadronising as a particular charm meson, f (c → D), is given by the ratio of the production cross section for the meson to the sum of the production cross sections for all charm ground states that decay weakly, σ gs . In addition to the measured 
The uncertainty of this procedure was estimated by using f (c → Λ + c ) obtained in photoproduction [2] , and considering the uncertainty in f (c → Λ + c ) e + e − [51] . The relative rates for the weakly-decaying charm-strange baryons were estimated from the non-charm sector following the LEP procedure [52] . The measured Ξ − /Λ and Ω − /Λ relative rates are (6.65 ± 0.28)% and (0.42 ± 0.07)%, respectively [41] . Assuming equal production of Ξ 0 and Ξ − states and that a similar suppression is applicable to the charm baryons, the total rate for the three charm-strange baryons relative to the Λ + c state is expected to be about 14%. Therefore, the estimated Λ + c production cross section was scaled by a factor 1.14 in the sum of the production cross sections. An error of ±0.05 was assigned to the scale factor when evaluating systematic uncertainties.
Using the equivalent D 0 and D + cross sections [2] , σ gs is given by
14, which can be expressed as
Using the measured cross sections and combining Eqs. (3) and (2) yields σ gs = 13.7 ± 0.6 (stat.)
The fragmentation fractions for the measured charm ground state are given by
The fragmentation fraction for the D * + is
The open-charm fragmentation fractions, measured in the kinematic region 1.5 < Q 2 < 1000 GeV 2 , 0.02 < y < 0.7, p T (D) > 3 GeV and |η(D)| < 1.6, are summarised in Table 5 and Fig. 5 . The results are compared with the values obtained in photoproduction [2] , in DIS by the H1 collaboration [4] and in e + e − annihilations [51] . All the measurements are consistent. A Monte Carlo study [2] suggested that the measured charm fragmentation ratios and fractions are close to those in the full p T (D) and η(D) phase space.
The hadronisation fraction into untagged D 0 , needed in the next section for comparisons with theory, was: 11 Systematic uncertainties
Systematic uncertainties of measurements
The systematic uncertainties of the measured cross sections and fragmentation ratios and fractions were determined by changing the analysis procedure and repeating all calculations.
In the measurement of fragmentation ratios and fractions the following groups of systematic uncertainty sources were considered (Table 8 ):
• {δ 1 } the model dependence of the acceptance corrections was estimated using the Herwig MC sample;
• {δ 2 } the uncertainty of the beauty subtraction was determined by varying the b-quark cross section by a factor of two in the reference MC sample;
• {δ 3 } the uncertainty of the tracking simulation was obtained by varying all momenta by ±0.3% which corresponds to the uncertainty in the magnetic field; and by changing the track momentum resolution and the angular resolution by +20 −10 % of their values. The asymmetric resolution variations were used since the MC signals typically had somewhat narrower widths than observed in the data;
• {δ 4 } the uncertainty in the CAL energy scale was studied by varying in the MC the energy of the scattered e − by ±1% and the energy of the hadronic system by ±3%;
• {δ 5 } the uncertainties related to the signal extraction procedures were studied as follows:
-the cuts on the minimum p T for the π and K candidates were independently raised and lowered by 10% from their nominal values,
-the cut on the minimum p T for the π s was raised and lowered by 0.02 GeV (for
-the ∆M signal region was widened symmetrically by 0.003 GeV (for
-the M(Kπ) signal region was widened and narrowed symmetrically by 0.01 GeV (for σ add (D * + )),
-the wrong-charge background normalisation region was changed to 0.152 < ∆M < 0.168 (for σ add (D * + ));
• {δ 6 } the uncertainties of the luminosities of the e − p (±1.8%) and e + p (±2.25%) data samples were included, taking into account their correlations;
• {δ 7 } the uncertainty in the estimate of σ(Λ + c ) (see Section 9); • {δ 8 } the uncertainty in the rate of the charm-strange baryons (see Section 9);
Contributions from the different systematic uncertainties were calculated and added in quadrature separately for positive and negative variations. Correlated systematic uncertainties largely cancel in the calculation of the fragmentation ratios and fractions.
For the total and differential cross-section measurements discussed in Section 10 and those used for the extraction of F cc 2 (Section 12), further sources of systematics were studied [3, 5, 53] , {δ 9 }:
• the cut on y e was changed to y e ≤ 0.90;
• the cut on y JB was changed to y JB ≥ 0.03;
• the cut on δ was changed to 42 ≤ δ ≤ 70 GeV;
• the cut on |Z vertex | was changed to |Z vertex | < 45 cm;
• the cut on E e ′ was changed to E e ′ > 11 GeV;
• the excluded region for the impact position of the scattered electron in the RCAL was increased by 1 cm in each direction;
• the electron method was used, except for cases when the scattered electron track was reconstructed by the CTD. In the latter case, the DA method, which has the best resolution at high Q 2 , was used.
These estimations were made in each bin in which the differential cross sections were measured. In addition, for the lowest x bin of the differential cross section of untagged D 0 , the systematic error accounted also for instabilities in the signal extraction, not encountered in any other bin. The overall systematic uncertainty was determined by adding the individual uncertainties in quadrature. Typically δ 9 was below 4%. The uncertainty on the luminosity measurement was not included in the systematic uncertainties for the differential cross sections.
Uncertainties on theoretical predictions
The NLO QCD predictions for D meson production are affected by the systematic uncertainties listed below. Typical values are quoted for the total cross section:
• the ZEUS PDF uncertainties were propagated from the experimental uncertainties of the fitted data (±5%). As an alternative parametrisation in the FFNS, the CTEQ5F3 PDF was used in HVQDIS with a charm mass of 1.3 GeV (−2%);
• the charm mass was changed simultaneously in the PDF fit and in HVQDIS by ∓0.15 GeV 
Extraction of F cc 2
The open charm contribution, F cc 2 , to the proton structure-function F 2 can be defined in terms of the inclusive double-differential cc cross section in x and Q 2 by
In this paper, the cc cross section is obtained by measuring the untagged D 0 , D + and D + s production cross sections and employing the measured hadronisation fractions f (c → D).
Since only a limited kinematic region in p T (D) and η(D) is accessible, a prescription for extrapolating to the full kinematic phase space is needed.
As reported in Section 10, the measured differential cross-sections are well described in the probed kinematic region. Therefore the following relation was used to extract F cc 2 :
where σ i,meas is the cross section in the bin i in the measured region of p T (D) and η(D) and σ i,theo is the corresponding cross section evaluated with HVQDIS. The value of F cc 2 theo was calculated in FFNS from the NLO coefficient functions [27] using the same values of parameters as in the calculation of σ i,theo . The cross sections σ i,meas (ep → DX) were measured in bins of Q 2 and y ( Table 9 ) and F cc 2 was quoted at representative Q 2 and x values for each bin (Table 10 ). The F cc 2 measurements obtained from each D meson were combined into a single set of measurements; the result is also shown in Table 10 .
The extrapolation factors from the measured p T (D) and η(D) ranges to the full phase space, as estimated using HVQDIS, were between 17 at low Q 2 and 2.5 at high Q 2 for the D 0 and D + measurements. For the D + s , the lower p T requirement leads to lower extrapolation factors between 5.6 and 1.9. They are all shown in Table 10 . The uncertainty from the branching ratios was estimated by changing each branching ratio independently in the calculation by ±1 standard deviation and adding in quadrature the resulting variations of F • using Jetset instead of the Peterson fragmentation yielded changes of ≈ +28%, +15%
and +5% for the data points at the lowest, middle and largest Q 2 ranges, respectively;
• changing the charm mass by ±0.15 GeV consistently in the HVQDIS calculation and in the calculation of F cc 2,theo led to differences in the extrapolation of ±5% at low x, low Q 2 ; the value decreases rapidly at higher x and higher Q 2 ;
• the uncertainty in the ZEUS NLO PDF fit led to uncertainties in the extracted values of F cc 2 typically less than 1%; • the extrapolation factors were evaluated using the CTEQ5F3 proton PDF yielding differences compared to the nominal factors of ≈ +10%, +6% and +1% for the lowest, middle and largest Q 2 ranges, respectively.
The combined F cc 2 measurements are shown in Fig. 9 . The quadratic addition of the extrapolation uncertainties is shown independently as a band. Also shown in Fig. 9 is the previous measurement [3] and the ZEUS NLO QCD fit. The two sets of data are consistent 3 . The prediction describes the data well for all Q 2 and x. The uncertainty 3 The previous data were measured at Q 2 = 4, 18 and 130 GeV 2 and have been shifted to Q 2 = 4.2, 20.4 and 111.8 GeV 2 using the ZEUS NLO QCD fit.
on the theoretical prediction is that from the PDF fit propagated from the experimental uncertainties of the fitted data.
Summary and conclusions
The production of the charm mesons D * + , D 0 , D + and D + s has been measured with the ZEUS detector in the kinematic range 1.5 < Q 2 < 1000 GeV 2 , 0.02 < y < 0.7,
GeV and |η(D)| < 1.6. The cross sections have been used to determine the charm fragmentation ratios and fractions. The ratio of neutral to charged D-meson production, R u/d , is compatible with unity, i.e. it is consistent with isospin invariance, which implies that u and d quarks are produced equally in charm fragmentation. The strangeness-suppression factor in charm fragmentation, γ s , was measured to be about 20%. The fraction of charged D mesons produced in a vector state, P 
Decay mode
Branching ratio [4] 1.26 ± 0.20(stat.) ± 0.11(syst.) ± 0.04(br. ⊕ theory) Table 2 : The ratio of neutral to charged D-meson production rates, R u/d . The e + e − values are taken from [2] ; they are an update of the compilation in [51] using the branching-ratio values of [54] . The measurements in this paper, ZEUS (DIS), took the values for all the branching ratios involved from [41] , the rest of the quoted measurements took them from [54] . −0.026 (br.) ZEUS (γp) [2] 0.257 ± 0.024(stat.)
+0.013
−0.016 (syst.)
+0.078
−0.049 (br.) ZEUS (γp) [11] 0.27 ± 0.04(stat.)
+0.02
−0.03 (syst.) ± 0.07(br.) combined e + e − data 0.259 ± 0.023(stat. ⊕ syst.)
+0.087
−0.052 (br.) H1 (DIS) [4] 0.36 ± 0.10(stat.) ± 0.01(syst.) ± 0.08(br. ⊕ theory) Table 3 : The strangeness-suppression factor in charm fragmentation, γ s . The e + e − values are taken from [2] ; they are an update of the compilation in [51] using the branching-ratio values of [54] . The measurements in this paper, ZEUS (DIS), took the values for all the branching ratios involved from [41] , the rest of the quoted measurements took them from [54] .
0.617 ± 0.038(stat.)
+0.017
−0.009 (syst.) ± 0.017(br.) ZEUS (γp) [2] 0.566 ± 0.025(stat.)
−0.023 (br.) combined e + e − data 0.614 ± 0.019(stat. ⊕ syst.)
+0.023
−0.025 (br.) H1 (DIS) [4] 0.693 ± 0.045(stat.) ± 0.004(syst.) ± 0.009(br. ⊕ theory) − values are taken from [2] ; they are an update of the compilation in [51] using the branching-ratio values of [54] . The measurements in this paper, ZEUS (DIS), took the values for all the branching ratios involved from [41] , the rest of the quoted measurements took them from [54] .
ZEUS (DIS)
ZEUS (γp) [2] Combined
stat. syst. br. stat. syst. stat.⊕ syst. br. total [41] , the rest of the quoted measurements took them from [54] . 25 
+1.4 −0.6
+5.6 −4.6
+9.9 −8.9 The distribution of the mass difference, ∆M = M( Table 5 for the fractions.
35 Figure 9: The measured F cc 2 as a function of x for three Q 2 bins. The current data are compared with the previous ZEUS measurement [3] . The data are shown with statistical uncertainties (inner bars) and statistical and systematic uncertainties added in quadrature (outer bars). All measured F 
